At 1-2 h after intragastric administration of ketoconazole, a cytochrome P-450 inhibitor, to rats, there was a 50-60 % decrease in the activity of hepatic 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. Inhibition reached a maximum at 6-12 h after the drug was given, but after 24 h enzyme activity was stimulated by 60 %. The rates of synthesis of hepatic non-saponifiable lipids in vivo showed a similar timedependent pattern of change. During the first few hours after drug administration, the hepatic cytochrome P-450-dependent metabolism of lanosterol was suppressed in vivo. However, 24 h after treatment, this activity was stimulated, an effect which was also observed by pre-treatment of the rats with the drug for several days. Suppression of hepatic HMG-CoA reductase and lanosterol 14a.-demethylase activities was accompanied by a relative increase in the accumulation of labelled polar sterols in the liver in vivo. In the intestine, ketoconazole also resulted in a rapid decline in the rate of synthesis of non-saponifiable lipids and an inhibition of lanosterol 14a-demethylation in vivo. However, in contrast with the liver, there was no stimulation of non-saponifiable lipid synthesis after 24 h.
INTRODUCTION
It has been known for some time that certain oxygenated derivatives of cholesterol are powerful inhibitors of HMG-CoA reductase and sterol synthesis in all cell types studied (Kandutsch & Chen, 1973; Kandutsch et al., 1978; Schroepfer, 1981; Gibbons, 1983a) . Several of these inhibitory sterols are precursors or metabolites of cholesterol, and there is substantial evidence to suggest that one or more sterols of this type are involved in the complex sequence of events linking changes in cellular cholesterol balance with compensatory changes in the activity of HMG-CoA reductase (Kandutsch et al., 1978; Gibbons, 1983b; Taylor et al., 1986) . Conclusive evidence has, however, remained elusive, partly owing to the difficulty of demonstrating a causal relationship between changes in the rate ofenzymic formation of identifiable oxysterols and changes in HMG-CoA reductase activity. Cytochrome P-450 is involved in the conversion oflanosterol into C32 oxysterol derivatives (Gibbons & Mitropoulos, 1973a; Gibbons et al., 1979) , which are obligatory cholesterol precursors (Gibbons et al., 1976; Akhtar et al., 1978; Trzaskos et al., 1984; Shafiee et al., 1986) . These substances, when added to cell cultures, suppress HMG-CoA reductase (Gibbons et al., 1980 ). An alternative approach to investigating the role of oxygenated cholesterol precursors has involved studying the effects of cytochrome P-450 inhibitors on the regulation of cholesterol biosynthesis in vitro Gupta et al., 1986; Panini et al., 1986; Boogaard et al., 1987) . Under these conditions, the biosynthetic formation of oxysterols is prevented. One of the objectives of the present work was to investigate the relationship between the rates of cytochrome P-450-mediated oxidation of lanosterol, the activity of hepatic HMG-CoA reductase, and the rate of hepatic sterol synthesis in vivo. This was achieved by intragastric administration of the cytochrome P-450 inhibitor, ketoconazole (Van den Bossche et al., 1983) . Rudney and his colleagues have shown that the detailed effects of ketoconazole on HMG-CoA reductase activity in rat intestinal epithelial cells is dependent on its concentration in the incubation medium: an inhibition was observed at low concentrations, which gave way to an increased activity as the drug concentration increased. These changes were inversely related to the rate at which labelled mevalonate was converted into sterols more polar than cholesterol. Another aim of the present work was to investigate the detailed time-and concentration-dependent effects of ketoconazole on sterol biosynthesis de novo in the rat intestine in vivo, and to relate these changes to effects on the cytochrome P-450-mediated demethylation of lanosterol in this organ.
MATERIALS AND METHODS Animals and diets
Male Wistar rats were housed in a windowless room artificially lit with tungsten bulbs (2 x 60 W) between 16:00 h and 04:00 h. Rats were fed on a commercially available pelleted diet (Diet PRM; E. Dixon and Sons, Ware, Herts., U.K.), which contained (w/w) 47. the food. This was done by grinding the pellets and adding a solution of ketoconazole in 0.1 M-HCI (21 mg/ ml) which had been diluted with 100 ml of distilled water. Sufficient additional water was added to give a stiff paste, and the pellets were then reconstituted. The pellets were dried overnight in a stream of air at room temperature. In these experiments, the control diet was prepared in a similar way, except that 0.1 M-HCI only was added. Where appropriate, ketoconazole was administered intragastrically as a solution in 0.1 M-HCI (4 mg/ml). The drug was administered at different times (i.e. 1 h, 6 h, 12 h, 17 h and 24 h) before injection of 3H2O (0.2 ml, 4 mCi) intraperitoneally between 10: 00 h and 11: 00 h (i.e. the mid-point of the dark phase of the cycle). Measurement of 3H20 incorporation into nonsaponifiable lipids in vivo: isolation of labelled sterols and sterol precursors At 1 h after injection of 3H20, the animals were anaesthetized by intraperitoneal injection of a solution of sodium pentobarbital in water (60 mg/kg body wt.). A portion of the liver was rapidly excised and chilled on ice. This was used for measurement of HMG-CoA reductase activity. Another portion of the liver was removed and frozen in liquid N2. Portions of the ileal and jejunal portions of the intestine (10 cm of each) were removed and the contents rinsed out with ice-cold 0.9% NaCl.
Each ileal and jejunal portion was combined and frozen in liquid N2. The frozen tissues of liver and intestine were ground to a fine powder under liquid N2, and about 1 g of each was weighed out and saponified for 1 h at 70°C with 10.0ml of a 7.5% (w/v) solution of KOH in ethanol. Before saponification, a known amount of ["4C]cholesterol was added to each sample as an internal standard. Non-radioactive lanosterol (1.0 mg) and squalene (1.0 mg) were also added at this stage. The nonsaponifiable lipid fraction was isolated as described previously (Gibbons et al., 1986) , and a sample was removed for measurement of radioactivity. Fractions containing labelled cholesterol, lanosterol and squalene were isolated from the remaining non-saponifiable lipid by t.l.c. (Gibbons & Mitropoulos, 1972) . Labelled polar sterols were obtained by scraping the region of the plate extending from the origin to the cholesterol band. Where appropriate, cholesterol was separated from 5a-cholest-7-en-3,B-ol by argentation chromatography of the acetate derivatives (Gibbons et al., 1979 ).
Measurement of rates of 12-'4Clmevalonate conversion into sterols in vitro Livers from animals fed on the ketoconazole-supplemented and the control diets were removed, chilled on ice, and minced through an ice-cold stainless-steel tissue mincer into 3 vol. of a solution of EDTA (1 mM), nicotinamide (30 mM), GSH (10 mM), MgCl2 (4 mM) and sucrose (125 mM) in 0.1 M-potassium phosphate buffer (pH 7.4) (Bucher et al., 1959) . The suspension was homogenized by ten passes ofa Teflon/glass homogenizer (Jencons, Leighton Buzzard, Beds., U.K.), and the homogenate was centrifuged at 800 g for 15 min. The supernatant was re-centrifuged at 16000 g for 20 min. Portions of this 16000 g supernatant (2.0 ml) were used in the subsequent incubation, containing [2-'4C]-mevalonate (1 1sCi; 54 mCi/mmol), fructose 1,6-bisphosphate (16 mM) and NAD' (1.6 mM) in a total volume of 2.5 ml. Incubations were carried out for I h at 37°C and, after addition of unlabelled lanosterol (1.0 mg) and squalene (1.0 mg), the labelled nonsaponifiable lipid fraction was isolated (see above). The individual components of the non-saponifiable lipid were isolated by t.l.c. (Gibbons & Mitropoulos, 1972) .
Isolation of liver microsomal fractions
Ice-cold liver was passed through a chilled tissue mincer into 10 vol. of a solution of sucrose (250 mM) and NaF (50 mM). The liver was homogenized by ten passes of a Teflon/glass homogenizer (Jencons). The resulting homogenate was centrifuged at 800 g for 15 min, followed by re-centrifugation of the supernatant at 16000 gav, for 20 min. This last centrifugation step was repeated in order to remove completely any remaining lysosomes. The top half of the supernatant was removed and centrifuged at 100000 g.v to sediment the microsomal pellet. This was used either for measurement of HMGCoA reductase activity or for assay of the rate of ['4C]lanosterol metabolism.
Measurement of HMG-CoA reductase activity
The microsomal pellet derived from 1.3 g of liver was suspended in 1.5 ml of 20 mM-imidazole/HCl buffer (pH 7.4) containing dithiothreitol (5 mM) (buffer A), with a 23-gauge needle and a 1.0 ml syringe. All the operations were carried out at 0-4 'C. A portion of the microsomal suspension (20 ,1) was incubated in the presence or absence of alkaline phosphatase (5 units in 20 ,u1 of buffer A) for 30 min at 37 'C (Brown et al., 1979) . The preincubated microsomes were then used to determine HMG-CoA reductase activity using the method of Brown et al. (1979) . Activity observed after incubation in the absence of phosphatase represents the 'expressed' activity that is present in the liver in vivo (i.e. the dephosphorylated form ofthe enzyme). Activity observed after incubation with phosphatase represents 'total' enzyme activity (i.e. the sum of activities that were originally present as the phosphorylated and nonphosphorylated forms of the enzyme). The labelled product, mevalonic acid, was isolated as mevalonolactone by t.l.c. (Cavenee et al., 1981) .
Other analytical methods
Protein was determined by the method of Gieger & Bessman (1972) . For determination of the specific radioactivity of the plasma water, a sample of blood (1.0 ml) was taken from the descending vena cava and the plasma was obtained by centrifugation.
Materials
Except for [1"C]lanosterol, all radiochemicals were obtained from Amersham International, Little Chalfont, Bucks., U.K. [14C]Lanosterol was prepared biosynthetically from ["4C]mevalonate as described previously (Gibbons & Mitropoulos, 1973b) . Ketoconazole was given by Mr. N. Blatchford, Janssen Pharmaceuticals, Grove, Wantage, Berks., U.K. Enzymes and cofactors were obtained from Sigma, Poole, Dorset, U.K. All organic solvents were redistilled before use.
Statistical treatment of results
All values are presented as means+ S.E.M. for several independent observations. The significance of any observed difference was tested by Student's t test. shown). The decrease in the active (dephosphorylated) form of the enzyme was similar to that of the total (the sum of the phosphorylated and dephosphorylated forms) (Fig. 1) . These changes were accompanied by a decrease in the rate of carbon flux through the enzyme in vivo, as (-) and polar sterols (A) were obtained by t.l.c. The amount of radioactivity in each fraction is expressed as a percentage of the radioactivity of the non-saponifiable lipid from which it was derived. Each point represents the mean +S.E.M. of eight independent measurements, except at 6 h, 12 h and 17 h, at which two measurements were made. measured by the incorporation of label from 3H20 into the total non-saponifiable lipid fraction. At 6-12 h after ketoconazole administration, HMG-CoA reductase remained depressed to a similar degree to that observed after 2 h. However, after 12 h, enzyme activity began to increase, a recovery which culminated in a 600 stimulation of enzyme activity 24 h after drug administration (P < 0.05). Carbon flux through the enzyme in vivo was also significantly stimulated (P < 0.05) at this time, as determined by 3H20 incorporation into the nonsaponifiable fraction. However, it should be noted that the ketoconazole-mediated oscillation in the maximum capacity of HMG-CoA reductase, measured under substrate-saturating conditions, was greater than the corresponding changes in the actual rate of carbon flux through the enzyme in vivo (Fig. 1) . Effect of ketoconazole on the rates of formation of hepatic cholesterol and its precursors in vivo Isolation of the individual constituents of the labelled non-saponifiable lipid fraction from the previous experiment revealed the distribution of radioactivity shown in Fig. 2 . At 1-2 h after administration of ketoconazole, over 50 % of the decreased amount of label in the nonsaponifiable lipid fraction was associated with lanosterol, compared with 4.5 % in the corresponding control animals which had not been treated with the drug. That this reflected a direct inhibitory effect of ketoconazole on lanosterol 14a-demethylation was shown by experiments In the experiments in vivo during the next 22 h period after ketoconazole treatment, the proportion of 3H label in lanosterol declined. The pattern of incorporation of label into cholesterol was the mirror image of that for lanosterol, suggesting that ketoconazole blocked the normally active oxidative 14a-demethylation of this compound. This resulted in a decrease in cholesterol production. The blockage of lanosterol demethylation was accompanied by the appearance of labelled substances more polar than cholesterol. As a proportion of the non-saponifiable lipid, these substances, which have the chromatographic properties expected of oxygenated cholesterol precursors, reached a maximum 2-6 h after administration of ketoconazole. There were no changes in the proportion of label associated with squalene in the livers of rats treated with ketoconazole at any of the time points studied (results not shown).
Induction of hepatic lanosterol 14a-demethylation by longer-term treatment with ketoconazole
In some experiments, rats were divided into two groups. One group of animals was given three doses of ketoconazole intragastrically (24 mg/kg) at 24 h intervals and were then injected with 3H20 1 h after the last dose.
The other group received only a single dose of ketoconazole, and 3H20 was injected 1 h later. In both groups the distribution of 3H label among the cholesterol and lanosterol fractions of the non-saponifiable lipid was determined. In the rats pre-treated with ketoconazole, there was significantly less (P < 0.01) lanosterol and more cholesterol 1 h after the last dose than in the rats which had not been pre-treated (Table 1) . This indicated that the pre-treated animals were less susceptible to the acute inhibitory effects of ketoconazole on lanosterol 14a-demethylation than were the untreated animals.
In another experiment, animals were fed on either a normal diet or a diet containing ketoconazole (21 mg/ 100 g of food) for 24 h. Subcellular fractions of rat liver (16000 g supernatant) obtained from animals in each group were then incubated with [2-"C]mevalonate. Extraction of the non-saponifiable lipid, followed by isolation of the labelled lanosterol, showed that there was considerably less accumulation of this material in Table 3 Table 3 . This shows that, in the rats treated with ketoconazole 24 h previously, the rates of lanosterol conversion into cholesterol and 5a-cholest-7-en-3,6-ol were greater than in the control animals.
Effects of ketoconazole on sterol metabolism in the intestine Between 1 and 2 h after administration of ketoconazole, the rate of non-saponifiable lipid synthesis in the intestine in vivo decreased to less than 60 % of the control value. The rate remained suppressed to approximately the same extent for at least a further 11 h after the drug was given. During the next 5 h, the rate of formation of the non-saponifiable lipid in vivo increased, so that 17 h after drug administration there was no difference between the rates of non-saponifiable lipid synthesis in the control and drug-treated animals. In contrast with the liver, there was no stimulation of non-saponifiable lipid synthesis in the intestine 24 h after administration of ketoconazole (Fig. 3) . Increasing the concentration of ketoconazole from 24 to 240 mg/kg body wt. had no further effect on non-saponifiable lipid synthesis. Two animals treated in this way incorporated 22.8 and 18.9 nmol of 3H20/h per g of tissue, compared with 23.0 Time after ketoconazole administration (h) Fig. 3 . Time course of the effect of ketoconazole on the synthesis of non-saponifiable lipids and sterols from MH20 in the intestine Animals were treated either with a solution of ketoconazole in 0.1 M-HCI or with 0.1 M-HCI alone as described in the legend to Fig. 1 . In (a), the effects of ketoconazole on intestinal non-saponifiable lipid synthesis are expressed as a percentage of the label incorporated into paired controls as described in Fig. 1 . Each value represents the mean + S.E.M. of four pairs, except at 6 h, 12 h and 17 h, at which times two pairs were used. Points marked * are significantly different from the controls at P < 0.001. In (b), fractions corresponding to cholesterol (-), lanosterol (M) and polar sterols (A) were obtained from the labelled nonsaponifiable lipid by t.l.c. The amount of radioactivity in each fraction is expressed as a percentage of the radioactivity in the non-saponifiable lipid from which it was derived. Each point represents the mean+S.E.M. of four animals, except at 6 h, 12 h and 17 h, at which two animals were used.
Vol. 250 Isolation of the labelled cholesterol and its precursors from the non-saponifiable fraction obtained at different times after giving ketoconazole (24 mg/kg body wt.) showed that the accumulation of labelled lanosterol was maximal after 1-2 h, when it accounted for 65 % of the radioactivity of the non-saponifiable lipid (Fig. 3) . This proportion gradually decreased with time until, after 24 h, there was no difference between the drug-treated and the control animals. Unlike the liver, the accumulation of labelled lanosterol in the intestine was not accompanied by any significant increase in the proportion of label associated with the polar sterol fraction. The proportion of labelled cholesterol in the non-saponifiable fraction showed an inverse relationship with that of labelled lanosterol (Fig. 3) , reaching a minimum value 1-2 h after administering the drug.
DISCUSSION
Relationship between the formation de novo of polar sterols and carbon flux through HMG-CoA reductase Substituted imidazoles such as ketoconazole are powerful inhibitors of lanosterol 14a-demethylase (Van den Bossche et al., 1983 ). This effect is probably mediated through an interaction with cytochrome P-450, an isoenzyme of which is an essential component of the microsomal system responsible for the oxidative removal of the lanosterol 14a-methyl group (Gibbons & Mitropoulos, 1973a; Gibbons et al., 1979) . This is an obligatory step in the transformation of lanosterol into cholesterol, and inhibition of this enzyme gives rise to an accumulation of lanosterol. During sterol biosynthesis from labelled precursors by certain mammalian tissues in vitro, this inhibition is accompanied by an increase in the concentration of labelled polar sterols Gupta et al., 1986; Boogaard et al., 1987) . In the liver, two of these sterols have been identified as 5a- lanost-8-ene-3fl,32-diol and 3,f-hydroxy-5a-lanost-8-en-32-al , both of which are intermediates in the oxidative removal of the lanosterol 14a-methyl group (Gibbons et al., 1976; Akhtar et al., 1978; Trzaskos et al., 1984) . Rudney and his colleagues have demonstrated an inverse relationship between the appearance of labelled polar sterols and the activity of HMG-CoA reductase when intestinal epithelial cells were incubated with ketoconazole in vitro. This observation is consistent with the hypothesis, first proposed by Kandutsch & Chen (1973 , 1974 and for which abundant evidence has subsequently emerged [e.g. see Gibbons (1983a) for a review] that cholesterol itself is not the regulatory molecule which is directly responsible for the regulation of HMG-CoA reductase activity at the molecular level. In the present work, during the period in which ketoconazole gave rise to an increase in the relative concentration of newly synthesized polar sterols in the liver in vivo, HMG-CoA reductase activity was suppressed. Even though the enzyme was completely activated by dephosphorylation in vitro (Brown et al., 1979) , only 45 % of the activity remained 2 h after ketoconazole treatment compared withthat observed after dephosphorylation in vitro of the enzyme obtained from control animals. Although ketoconazole did not appear to result in any selective decrease in the proportion of active (i.e. expressed, or dephosphorylated) enzyme present in vivo, we cannot completely rule out the possibility that any such change may have been obscured by rapid, non-physiological, phosphorylation of active enzyme during excision of the liver (Easom & Zammit, 1984a,b) . Nevertheless, we tried to minimize such an effect by rapidly excising small pieces of liver and quickly chilling them on ice. We also tried to eliminate stress as far as possible by anaesthetizing the animals rather than by stunning them with a blow to the head.
In contrast with the liver, in the intestine the decrease in actual carbon flux through HMG-CoA reductase in vivo, as measured by the incorporation of 3H20 into the non-saponifiable lipid fraction, was not accompanied by any detectable increase in the proportion of label associated with sterols more polar than cholesterol. Recent work with cultured intestinal epithelial cells in vitro has shown that the decreased HMG-CoA reductase activity observed when low concentrations of ketoconazole were present in the medium was accompanied by a relative increase in the concentration of labelled polar sterols when [2-'4C]mevalonate was the sterol precursor. Furthermore, higher concentrations of ketoconazole eliminated the accumulation of labelled polar sterols and, under these conditions, the inhibition of HMG-CoA reductase was reversed . In the present work, we did not observe any changes in the rate of formation of non-saponifiable lipids at high, compared with low, concentrations of ketoconazole. However, it should be noted that, under certain conditions, the maximum capacity of HMG-CoA reductase measured under substrate-saturating conditions in subcellular fractions may change without any similar changes in actual carbon flux through the enzyme in the intact cell (Gibbons et al., 1984) . Nevertheless, the inability of ketoconazole to effect any increase in intestinal non-saponifiable lipid synthesis, in contrast with the liver, reflects a difference in the chronic effects of this drug on the control of sterol synthesis in these organs. Induction of lanosterol 14at-demethylase activity, cholesterogenesis and HMG-CoA reductase activity Longer-term treatment of rats with ketoconazole gave rise to an increase in the rate of cytochrome-P-450-mediated lanosterol 14a-demethylation in the liver. The evidence for this came from three types of experiment. First, liver microsomal fractions from rats treated with the drug 24 h previously had an increased capacity for metabolizing lanosterol (Table 3 ), the first step of which requires cytochrome P-450 (Gibbons & Mitropoulos, 1973a; Gibbons et al., 1979) . Second, during sterol biosynthesis from [2-14C]mevalonate in liver homogenates from the livers of animals which had consumed ketoconazole in the diet for the previous 24 h, there was significantly less accumulation of ['4C ]lanosterol than in the controls (Table 2) . Finally, ketoconazole was not so effective in blocking the metabolism of lanosterol in vivo in the liver of animals which had been pre-treated with the drug for 2-3 days, compared with those which had not received this type of pre-treatment (Table 1) .
It was of interest that 24 h after a single intragastric dose of ketoconazole, when the cytochrome-P-450-requiring lanosterol 14a-demethylase activity was high (Table 3) , there was also an increase in the rate of formation of hepatic non-saponifiable lipids in vivo compared with that observed in control animals ( Fig. 1) . Most of this increase could be accounted for by an increase in the rate of cholesterol synthesis (138.0 + 18.5 % of the control; n = 8; P < 0.05). This was accompanied by increases in both the expressed and the total activities of HMG-CoA reductase (Fig. 1 ). It appears therefore that there is a positive relationship between the activity of the isoenzyme of cytochrome P-450 required for lanosterol demethylation (cytochrome P-450LDM) and the rate of carbon flux through HMGCoA reductase. For instance, both these activities were low 2-12 h after ketoconazole administration, and both became elevated after 24 h (Fig. 1) . It may be worth noting that, when rats were fed on diets containing 0.1 % cholesterol or 0.1 % 7-oxocholesterol for periods longer than 18 h, the original decrease in hepatic HMG-CoA reductase activity was reversed, and this recovery was associated with an increase in hepatic cytochrome P-450 (Erickson et al., 1977) . Other investigators have also reported increases in hepatic and intestinal microsomal mixed-function-oxidase activity (Reif et al., 1954) and cytochrome P-450 (Hietanen & Laitinen, 1978) after cholesterol feeding. It may also be of relevance that, after feeding 7-oxocholesterol to mice for 8 days, conditions under which, on the basis of the above evidence, hepatic cytochrome P-450 might be expected to increase, there was a 10-fold increase in the rate of hepatic cholesterol synthesis (Kandutsch et al., 1977) .
